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consistent with the observed distribution of dislocations in 
crystals. The dislocations nucleation mechanisms in GaAs 
and in other materials like InP or Si require an understand-
ing of the CRSS at high temperature which is assumed to 
vary with (i) the native defects concentration and their mo-
bility and (ii) their interaction with dopant or background 
impurities. 
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Previously unreported intensity enhancement of x rays obtained by two-mode excitation is 
observed on the direct incident beam of synchrotron radiation. The excitation utilizes the 
coherent interaction of a six-beam Borrmann diffraction in a perfect silicon single crystal. The 
experiment provides a means of obtaining nearly divergenceless, monochromatic, spatially 
coherent, and intense x-ray sources for x-ray diffraction and imaging studies. Single-mode 
excitation can be achieved by using a thick crystal. 
PACS numbers: 61.10.Dp, 61.1O.Fr 
0, i.e. [Eq. (4.15) of Ref. 2], Anomalously high transmission of x rays through a per-
fect crystal is usually observed in multiple Borrmann diffrac-
tion. l -6 In a common n-beam (n > 2) diffraction experiment, 
the dynamical interaction among the n diffracted beams gen-
erates wavefields propagating in 2n different ways inside the 
crystal, the so-called modes of wave propagation. 7 The fac-
tor of 2 is due to the two polarizations: u polarization is 
perpendicular and 1T polarization is parallel to the plane of 
incidence. The fraction of the incident energy associated 
with a given mode is defined as the excitation of mode. Those 
modes with wavefield node coincident with the atom sites 
have extremely low absorption. Those modes are responsible 
for the anomalous transmission of x rays through the crystal. 
It =K(cJ>~ - cJ>¥02 - cJ>¥24 + cJ>6.k):::::0, (1) 
There is a special six-beam case, (000) (044) (220) (202) 
(242) (224), in which six reciprocal lattice points form a regu-
lar hexagon, shown in Fig. 1. Two of the resulting twelve 
modes have linear absorption coefficients It, almost equal to 
alOne leave from Instituto de Fisica. Universidade Estadual de Campinas. 
Campinas. S. P. 13100. Brazil. 
at the exact six-beam diffraction point. The term cJ> " is the 
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FIG. 1. Representation of the six-beam case in reciprocal space. 
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FIG. 2. Laue transmission photograph for the six-beam case at A = 1.0 A. 
The distortion of the diffraction image is due to the fact that the camera was 
not set exactly parallel to the crystal surface, i.e., (111) planes. The six dif-
fracted spots form a regular hexagon. 
imaginary part of the electric susceptibility of the reflection 
involved. K is a proportionality constant. By using a rather 
thick perfect crystal, only the two modes can be effectively 
excited and the rest of the modes are suppressed by the crys-
tal absorption. These two residual modes should, in princi-
ple, provide an intense, monochromatic, and extremely par-
allel transmitted beam. The search for observing this effect 
has long been carried out.2,8-1O However, no success in ex-
periments has been reported so far. 
In this letter I report, for the first time, the observation 
of this unusual anomalous transmission of x rays through a 
perfect silicon single crystal on the direct incident beam of 
synchrotron radiation. The DORIS storage ring ofDESY in 
Hamburg, Germany, is used. 
The experiment is performed by aligning a [111) cut 
platelike perfect silicon crystal for (044) reflection at the wa-
velength A = 1.0 A. The crystal thickness is 3 mm. The an-
gular divergence of the incident beam is about 20" . The Laue 
transmission photograph, Fig. 2, shows this six-beam dif-
fraction for A = 1.0 A. The direct incident beam is attenuat-
ed by a beamstop, which consists of a 1-mm-thick lead and a 
3-mm-thick aluminium plate. The camera is also shielded by 
aluminium and lead foils to suppress the high background 
from the white radiation. The enhanced transmitted intensi-
ty on the direct beam, (000) (inside the shadow of the beam-
stop on the right side of Fig. 2), is readily observable. When 
the crystal is set at the Bragg angle of (044) reflection for 
A = 1.54 A, the intensity enhancement of the direct trans-
mitted beam at the six-beam point is reinforced. This is 
shown in Fig. 3. The enhanced spot has an angular diver-
gence of about 2". The shape of the direct beam is due to the 
geometry of a collimator at the exit of the synchrotron beam 
line. 
A computer program, based on Ref. 6, for n-beam dyn-
amical calculation is employed to account for the experi-
mental results. The calculated transmitted intensity of the 
(000) reflection is shown in Fig. 4. Diffracted intensities less 
than 10-2 are too weak to be observed in Fig. 3. The agree-
ment between the experiment and the calculation is seen. 
794 Appl. Phys. Lett., Vol. 40, No.9, 1 May 1982 
FIG. 3. Image of the direct (000) beam at 
the exact six-beam diffraction position 
for A = 1.54 A. 
Since the synchrotron radiation is linearly polarized in the 1T 
direction, there are three modes which are not excited due to 
this polarization effect. The two most strongly excited and 
lowly absorbed modes, denoted as modes 1 and 2, have the 
absorption coefficients equal to 0.19 and 0.87 cm -1, respec-
tively. The corresponding excitations of the modes are 10.1 
and 16.7%. The rest ofthe modes having absorptions rang-
ing from 13.17 to 543.48 cm -1 are suppressed by the crystal. 
Only modes 1 and 2 thus contribute to the diffracted intensi-
ty. Mode 1 has minimum intensities at the atom sites, while 
mode 2 has maximum intensities near (but not at) the atom 
sites. 10 The difference in wave vector between the two modes 
is only 24.55 cm -1 in the [111) direction. The intensity dis-
tribution for these two modes projected on the (111) plane at 
the exact six-beam point is similar to Figs. 4(c) and 4(d) of 
Ref. 9:, except that the intensity maxima are squeezed along 
the [011) direction. For the crystal settings slightly off, for 
example by 1", the six-beam position, the absorption of these 
two modes increases by a factor of30. Thus, a sharp intensity 
enhancement within a 2" angular range is expected and ob-
served experimentally (Fig. 3). This intense beam is nearly 
nondivergent, monochromatic, and spatially coherent. 9,10 
If a 5-cm-thick perfect silicon crystal is used, mode 2 
can be almost completely suppressed by the crystal absorp-
tion. The intensity ratio between modes 2 and 1 is estimated 
about less than 5%. Single-mode excitation can therefore be 
achieved. 
In conlcusion, the use of this six-beam diffraction and a 
linearly polarized source, like synchrotron radiation, per-
mits the selection, for example, of reduction of excited 
modes of x rays in crystals. The anomalously transmitted 
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FIG. 4. Calculated intensity distribution of the direct (000) beam at the 
exact six-beam point for A = 1.54 A. The axes represent the vertical and 
horizontal beam divergence. 
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intensity at the exact six-beam diffraction point provides a 
new source, with monochromaticity, exceedingly low diver-
gence, and single-mode excitation, for x-ray diffraction and 
imaging studies. 
In addition, for the efforts towards realizing gamma-
ray lasers, II this low photoelectric absorption in the six-
beam Borrmann effect and the reduced number of modes 
excitation give a possible condition to lower the critical in-
version density needed for net gain by stimulated emission. 12 
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The diffusion of arsenic in polycrystalline silicon films has been studied over the temperature 
range 750-950·C and for grain sizes 210-510 nm. Rutherford backscattering spectrometry was 
used to measure the concentration profiles of arsenic, initially introduced into the polysilicon by 
ion implantation, after various annealing steps. The concentration profiles were found to be 
determined by a combination of two factors-the low diffusivity in the bulk of the grains and the 
much higher diffusivity in the grain boundaries. The diffusivity of arsenic in the grain boundaries 
was independent of concentration, with an activation energy of 3.9 eV, very close to that of the 
low-concentration arsenic diffusivity in single-crystal silicon. However, the value of the 
diffusivity was 8.6X 104 exp( - 3.9/kT)cm2/s, four orders of magnitude higher than the single-
crystal value. The diffusivity in the interior of the grains was the same as that in single-crystal 
silicon. 
PACS numbers: 66.30.Jt 
The characterization of the diffusion of dopants in poly-
crystalline silicon is important for several device applica-
tions. In silicon metal-oxide-semiconductor field-effect tran-
sistors, the polysilicon gate should be diffused with a 
uniform heavy concentration of dopant without penetration 
of the dopant to the channel region through the thin gate 
oxide. In buried contacts where the substrate is doped by 
diffusion of dopant from a polysilicon layer, the impurity 
profile in the substrate is influenced by the diffusivity in the 
polysilicon. The performance ofqigh value polysilicon resis-
tors, used in static memory, is limited by the diffusion of 
dopant primarily along grain boundaries, from the highly 
doped contact area to the lightly doped resistor area. Diffu-
sion along the grain boundaries will also limit the perfor-
mance of devices fabricated on large-grained polysilicon thin 
films obtained by laser recrystalization. 
Not much work has been reported on the diffusion of 
dopants in polysilicon. Kamins et al. I measured the diffusi-
vity of phosphorus and borCi. in thick films of polysilicon, 
using staining to reveal the junctIOns. Tsukamoto et al. 2 and 
Ryssel et al.3 used Rutherford backscattering spectrometry 
to measure the diffusivity of arsenic in thin films of polysili-
con. In this work, we have also used Rutherford backscatter-
ing spectrometry for similar measurements. Our results are 
however quite different from those of Refs. 2 and 3. 
< 100) oriented silicon wafers with 100 nm of thermally 
grown silicon dioxide were used as substrates for the deposi-
tion of 1000-nm-thick layers of polysilicon in a low-pressure 
chemical vapor deposition reactor at a pressure of 0.2 Torr 
and a temperature of 625 ·C. To study the effect of changing 
grain size and structure on the diffusivity of arsenic , some of 
the polysilicon films were annealed in a dry-nitrogen am-
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